Several neurological disorders, such as multiple sclerosis, the leukodystrophies, and traumatic injury, result in loss of myelin in the central nervous system (CNS). These disorders may benefit from cell-based therapies that prevent further demyelination or are able to restore lost myelin. One potential therapeutic strategy for these disorders is the manufacture of oligodendrocyte progenitor cells (OPCs) by the directed differentiation of pluripotent stem cells, including induced pluripotent stem cells (iPSCs). It has been proposed that OPCs could be transplanted into demyelinated or dysmyelinated regions of the CNS, where they would migrate to the area of injury before terminally differentiating into myelinating oligodendrocytes. OPCs derived from mouse iPSCs are particularly useful for modeling this therapeutic approach and for studying the biology of oligodendrocyte progenitors because of the availability of mouse models of neurological disorders associated with myelin deficiency. Moreover, the utility of miPSC-derived OPCs would be significantly enhanced by the adoption of a consistent, reproducible differentiation protocol that allows OPCs derived from different cell lines to be robustly characterized and compared. Here we describe a standardized, defined protocol that reliably directs the differentiation of miPSCs to generate high yields of OPCs that are capable of maturing into oligodendrocytes.
INTRODUCTION
A number of neurodegenerative disorders, including multiple sclerosis, leukodystrophies, and injury to the central nervous system (CNS), lead to myelin loss in the CNS and currently lack any definitive treatment options (2, 12, 13, 16, 19) . Transplanting progenitor cells that will become oligodendrocytes capable of remyelination into the regions of demyelination has been indicated as a viable treatment option for restoring functionality in these disorders.
Oligodendrocytes perform crucial structural and functional roles in the CNS, producing lipid-rich myelin sheaths that segmentally envelop axons. Myelin provides insulation and organizes the distribution of axonal voltage-gated ion channels, enabling efficient conduction of signals throughout the neuraxis (11). Oligodendrocytes also aid in maintaining axonal stability and play a protective role during inflammatory events. During embryogenesis, oligodendrocytes are generated from neuroepithelial precursor cells known as oligodendrocyte progenitor cells (OPCs). In both rodents and humans, two separate progenitor cell populations in the developing forebrain contribute to the OPCs that differentiate to form all the oligodendrocytes in the adult brain [reviewed in (3,22,26) ]. In the developing spinal cord, the majority of the OPCs are generated in the ventral pre-motoneuron (pMN) domain. Cells in this domain initially generate motoneurons before a neurogenic/gliogenic switch occurs, and the same domain then produces OPCs that migrate to populate the entire spinal cord. Later in development, a more dorsal region of the spinal cord also produces OPCs that contribute ~10% of the oligodendrocytes in the cord (4, 5, 15) . Some OPCs are considered to persist into adulthood and may aid in oligodendrocyte turnover and minor injury repair. Regardless of origin, embryonic OPC populations migrate extensively before differentiating to generate functional, myelinating oligodendrocytes (40). These characteristics make OPCs ideal candidates for cell therapy strategies targeting missing, defective, or damaged oligodendrocytes to restore myelin lost due to trauma or disease, as the cells can be manufactured and transplanted as precursor cells that will then migrate to the site of action.
In vitro directed derivation of OPCs has been described from a variety of stem cell populations, including mouse embryonic stem cells (ESCs) (18), mouse induced pluripotent stem cells (iPSCs) (7, 23, 39) , mouse epiblast cells (24), human ESCs (17, 19, 20, 25, 32, 35, 36) , and human iPSCs (10, 41) . Although these protocols aim to generate populations of OPCs with similar properties, the differentiation strategies employed are diverse, and the quality and quantity of the OPCs generated is variable. Furthermore, the reproducibility of many of these protocols remains to be established (1).
Advances in cellular reprogramming now allow iPSCs to be generated from somatic cells by the transient forced expression of defined transcription factors (28, 29, 37, 38) . iPSCs can offer several advantages over other stem cell types as a source for generating OPCs for potential clinical use or research. In addition to generating an unlimited supply of pluripotent stem cells, this technology enables the creation of patient-specific stem cells, allowing the potential for autologous transplantation of differentiated cells. This would avoid complications from host rejection of the transplanted cells and the expense and side effects of antirejection immune drug therapies. iPSCs can also be derived from patients with genetic disorders affecting oligodendrocytes or myelination, or from well-characterized transgenic mouse models, providing valuable models of disease and tools for drug screening.
OPCs derived from mouse iPSCs provide a powerful resource for researchers. Using iPSC intermediates, OPCs can be generated from various natural and transgenic animal models of dysmyelination and CNS disease and injury. Additionally, iPSC technology enables use of various reporter mouse strains to label transplanted cells or to monitor the differentiation and maturation of OPCs both in vivo and in vitro. However, the utility of OPCs derived by the directed differentiation of pluripotent ESCs and iPSCs is greatly reduced by the wide variation in the final cell populations generated from diverse protocols in different laboratories. Here we report a reproducible differentiation protocol that yields a high-purity population of OPCs from mouse iPSC lines that can terminally differentiate into oligodendrocytes both in vitro and in vivo.
MATERIALS AND METHODS

Mouse Induced Pluripotent Stem Cells (miPSCs)
The miPSC lines used in this study had been generated previously in our laboratory essentially as described in Greder et al. (14) . Lines UMN-3F10 and UMN-JBL6 were derived using three reprogramming factors octamerbinding transcription factor-4 (Oct4), sex-determining region y-box 2 (Sox2), and Kruppel-like factor-4 (Klf4), and derivation of UMN-JG2 utilized c-Myc in addition to these factors. All three lines were derived from primary cultures of E13.5 mouse embryonic fibroblasts, UMN-3F10 and UMN-JG2 from Oct4:CreER mTmG transgenic mouse (14) and UMN-JBL6 from C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME, USA). The miPSC lines were previously characterized as pluripotent using immunohistochemistry and qRT-PCR for pluripotency factors; teratoma analysis; differentiation in embryoid bodies; and, for UMN-3F10, methylation analysis. The miPSC lines were maintained as previously described (14, 30) . The miPSCs were cultured on irradiated mouse embryonic fibroblasts in miPSC medium: knockout DMEM with 4.5 g/ L d-glucose and sodium pyruvate (Gibco, Grand Island, NY, USA), 10% knockout serum replacement (Gibco), 10% fetal bovine serum (HyClone, Logan, UT, USA), 1× MEM nonessential amino acids (Gibco), 1× GlutaMAX (Gibco), 0.1 mM 2-mercaptoethanol (Life Technologies, Grand Island, NY, USA), 1× penicillin/streptomycin (Corning Cellgro, Manassas, VA, USA), and ESGRO-LIF (1,000 U/ml, Millipore, Billerica, MA, USA). UMN-3F10 cells were constitutively labeled with transmembrane GFP by supplementing their miPSC medium with 10 nM tamoxifen (Sigma-Aldrich, St. Louis, MO, USA). Cells were incubated at 37°C in 5% CO 2 .
Differentiation of miPSCs to Oligodendrocyte Progenitor Cells (OPCs)
Undifferentiated miPSCs were dissociated from the irradiated mouse embryonic fibroblasts using TrypLE Express Enzyme (1×, no phenol red) (Life Technologies), washed, and resuspended in miPSC medium. The irradiated mouse embryonic fibroblasts were partially depleted from resuspended miPSCs by incubation in a T-75 flask (CytoOne, Orlando, FL, USA) for 30 min. The miPSCs were counted and resuspended in KSR medium [minimal essential media (Corning Cellgro), 20% knockout serum replacement, 1 mM sodium pyruvate (Lonza, Basel, Switzerland), 1× MEM nonessential amino acids, 0.1 mM 2-mercaptoethanol, and 1× penicillin/streptomycin]. miPSCs were aliquoted into ultra-low attachment surface six-well plates (Corning) at a density of 500,000 miPSCs/ well in 3 ml of KSR medium/well to form cell aggregates overnight. The day that the miPSCs were resuspended for aggregation was denoted day 0 (d0).
Throughout all stages of differentiation, cells were incubated in a 37°C and 5% CO 2 environment. On days 1 to 5, the aggregates were cultured in KSR medium with daily media changes. On day 4, retinoic acid (Sigma-Aldrich) was added to the KSR medium, with a final concentration 0.2 mM. On day 5, both retinoic acid and purmorphamine (Cayman Chemical, Ann Arbor, MI, USA) were added to the KSR medium, with final concentrations of 0.2 mM and 1 mM, respectively.
On days 6 and 7, the aggregates were cultured in N-2 medium, with daily medium changes. N-2 medium consists of 1× minimum essential media, 1× N-2 supplement (Gibco), 1 mM sodium pyruvate, 1× MEM nonessential amino acids, 55 mM 2-mercaptoethanol, 1× penicillin/streptomycin, 0.2 mM retinoic acid, and 1 mM purmorphamine.
Importantly, at each media change from days 1 to 7, the cell aggregates were centrifuged at 179 × g for 1 min and gently resuspended in 3 ml of medium per well of aggregates in order to maintain aggregate morphology and to prevent clumping between aggregates.
On day 8, the aggregates were plated onto flat-bottom six-well plates (CytoOne) coated with poly-l-ornithine and fibronectin. To coat the plates, the six-well plates were incubated at 37°C in 5% CO 2 with 1 ml/ well of 0.01% poly-l-ornithine (Sigma-Aldrich) overnight. On the day of aggregate plating, the poly-l-ornithine was removed, and the wells were washed twice with sterile cell culture-grade water (Corning Cellgro). A fibronectin (Sigma-Aldrich) coating was then applied to each well by quickly applying and removing 1 ml of 50 mg/ml fibronectin, diluted with sterile 1× phosphatebuffered saline (PBS) without calcium and magnesium (Corning Cellgro). To plate the aggregates, they were resuspended in OPC expansion medium at a density of 150 to 300 aggregates/ml of OPC expansion medium. The aggregates were then distributed onto the poly-lornithine/fibronectin-coated six-well plates at a density of 1 ml of aggregate suspension/well. An additional 1 ml of OPC expansion medium was then added to each well. Last, the six-well plates containing the aggregates were centrifuged at 100 × g for 1 min. The OPC expansion medium consisted of DMEM/F12 without phenol red or HEPES, with l-glutamine (Hyclone), 1× B-27 supplement, serum free (Life Technologies), 1× N-2 supplement (Life Technologies), 20 ng/ml fibroblast growth factor-2 (FGF-2) (R&D Systems, Minneapolis, MN, USA), 20 ng/ ml rhPDGF-AA (Sigma-Aldrich), 100 ng/ml rhShh (R&D Systems), and 1× penicillin/streptomycin. After plating, medium was changed every other day. The OPCs were grown to confluence and passaged at a 1:2 ratio using Accutase (Millipore).
Terminal Differentiation of OPCs to Mature Oligodendrocytes
For terminal differentiation, six-well plates were coated with a substrate of 50 mg/ml poly-l-ornithine hydrobromide (Sigma-Aldrich) and 20 mg/ml laminin (Life Technologies). The plates were first coated with 1 ml poly-l-ornithine hydrobromide/well and incubated at room temperature for 1 h.
Next, the cells were coated with 1 ml laminin/well and incubated at room temperature for 1 h. After passage, cells were then cultured in OPC expansion medium for 1 week.
Confluent OPCs were passaged at a density of 1,000 cells per well and cultured in OPC expansion medium for 1 week, with medium changes every other day. The cells were then cultured in oligodendrocyte terminal differentiation medium [adapted from Wang et al. (41) ], with medium changes every other day. This medium consisted of DMEM/F12 without phenol red or HEPES, 0.25× N1 medium supplement (Sigma-Aldrich), 0.5× N-2 supplement, 1.25× B-27 supplement, serum free, 30 ng/ml 3,3¢,5-triiodo-l-thyronine sodium salt (Sigma-Aldrich), 50 ng/ml biotin (Sigma-Aldrich), 0.5 mM dibutyryl cAMP (Sigma-Aldrich), 2.5 ng/ml recombinant human plateletderived growth factor (PDGF-AA) (Peprotech, Rocky Hill, NJ, USA), 5 ng recombinant human BDNF (Peprotech), 2.5 ng/ml recombinant human insulin-like growth factor-1 (IGF-1) (Peprotech), 2.5 ng/ml NT3 (Peprotech), 0.5× penicillin/streptomycin, and 27.5 mM 2-mercaptoethanol.
Immunocytochemistry
Cultured cells were fixed using formalin (10%; Fisher Scientific, Pittsburgh, PA, USA) for 20 min at room temperature and then washed three times with PBS. When staining for intracellular markers, cells were permeabilized using 1% Tween 20 (Calbiochem, Billerica, MA, USA) in PBS for 5 min. Next, the cells were incubated with blocking buffer [1% bovine serum albumin (BSA) (Sigma-Aldrich) in PBS-T (PBS with 0.1% Tween 20)] for 30 min. Cells were incubated overnight at 4°C with primary antibodies diluted in blocking buffer. After washing three times in PBS-T, the cells were then incubated with secondary antibodies diluted in blocking buffer for 2 h at room temperature before final washing. For surface antigen detection, the permeabilization step was excluded, and antigen retrieval was performed (L.A.B. Solution, 24310; Polysciences Inc., Warrington, PA, USA) according to the manufacturer's instructions before incubation with primary antibody, and Tween 20 was omitted from blocking and washing solutions. Nuclear contrast was performed with Hoechst nuclear stain (diluted 1:1,000 in PBS) (Thermo Scientific, Waltham, MA, USA) for 5 min. The same procedures performed without primary antibodies were used as controls. The primary and secondary antibodies used in this study are listed in Table 1 .
Fluorescence Microscopy
Direct fluorescence imaging of live and fixed cells was performed using a DMI 6000B inverted microscope (Leica, Wetzlar, Germany). Images were captured using a Retiga 2000R camera (QImaging, Surrey, BC, Canada) using IP Lab software (BD Biosciences, San Jose, CA, USA). eGFP and tdTomato expression was detected directly in live and formalin-fixed cells.
Immunocytochemistry Analysis
For OPC differentiations from each miPS cell line, the percentage of cells expressing a cell marker was determined by capturing images of at least five random fields of immunostained cells at 200× magnification. The number of cells demonstrating positive immunostaining in each field was counted and divided by the total number of cells in that field (determined by Hoechst staining) to determine the percentage of cells positive for a specific cell marker. The average of the five fields was calculated, and counting was repeated for at least three separate differentiations for each cell line. All cell counting was done using ImageJ (NIH, Bethesda, MD, USA).
Total RNA Extraction and Analysis
Total RNA was prepared from aggregates and cultured cells using the RNeasy MiniKit (Qiagen, Venlo, Limburg). cDNA was generated by reverse transcription from 500 ng total RNA using SuperScript III Reverse Transcriptase and oligo(dT)20 primers (Invitrogen, Waltham, MA, USA). Quantitative gene expression was analyzed in an Eppendorf LightCycler using predesigned primers (IDT). See Table 2 for a list of primers used. Samples from at least three differentiation replicates were obtained from each cell line, and results were normalized with respect to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression. Standard error was indicated with error bars.
Cell Transplantation
Homozygous shiverer mice, strain C3Fe.SWV-Mbp shi /J (6), were obtained from Jackson Laboratories. Mice were anesthetized with ketamine-xylazine (Phoenix, St. Joseph, MO, USA; AnaSed Injection, Shenandoah, IA, USA), and a burr hole was used as the access point for the stereotactic injection of cells. Cells were injected 0.4 mm anterior and 2.0 mm lateral to bregma, into the corpus callosum and striatum (depths of 1.5 and 2.0 mm, respectively). The injected cells were at day 25 in culture at the time of injection. Injections consisted of 10 μl of cell suspension, containing 25,000 cells/μl of DMEM/F12 without HEPES or phenol red, with l-glutamine. The animals were sacrificed at 14 days and 28 days postinjection. All animal protocols and experiments were approved by the Institutional Animal Care and Use Committee of the University of Minnesota. 
Immunohistochemical Analysis of Transplanted Cells
Transplanted mice were perfused transcardially with 4% paraformaldehyde (Fisher Scientific). The brains were removed and placed in 4% paraformaldehyde at 4°C for 1 day. They were then stored in 30% sucrose at 4°C until embedding in OCT (Sakura Finetek U.S.A., Torrance, CA, USA) and freezing at −80°C. The brains were sectioned using a Leica CM 3050S cryostat at a thickness of 10 mm per section. Transplanted cells were identified by eGFP expression under fluorescence microscopy.
RESULTS
Generation of OPCs From miPSCs
Our protocol directs the differentiation of miPSCs into a population of Olig2-and PDGFRa-positive cells that can be terminally differentiated into MBP-positive cells. Figure 1 illustrates the progression of the differentiation protocol using miPSC line UMN-3F10, which expresses transmembrane-bound eGFP (14). Neural induction is conducted following aggregation of miPSCs in serum-free media (Fig. 1C, D) to produce cells expressing Pax6. Patterning of the neural population mimicking a ventral spinal cord phenotype is initiated by sequential addition of retinoic acid and then retinoic acid with purmorphamine, a small molecule agonist of the smoothened receptor that activates the hedgehogsignaling pathway (34). The induction is completed in N-2 medium. On day 8, aggregates are plated onto poly-l-ornithine-and fibronectin-coated dishes and cultured in OPC medium. Within 2 days, bipolar cells, expressing the nuclear located Olig2 transcription factor, migrate from the plated aggregates (Fig. 1E, F) and are expanded in serum-free media containing FGF2, PDGFAA, and Shh.
Quantitative Gene Expression Analysis During OPC Differentiation
Using miPSC line UMN-3F10, we assessed the sequential expression of key genes at discrete stages of the OPC differentiation protocol using quantitative RT-PCR (Fig. 2) . In the early stages of the differentiation protocol, the expression of the pluripotency gene Nanog decreases. Pax6 expression is rapidly upregulated following cell aggregation and is detected by day 4 and increases to maximal expression on d20. The upregulation of Pax6 expression is followed by the expression of Nestin, another gene associated with early neuronal identity. The expression of genes linked to early OPC identity, Olig2, Nkx2.2, PDGFRa, and Olig1, was first measured at the end of the neural patterning stage, and the level of expression of these genes continued to increase during the expansion of the OPC population. The expression of the genes characteristic of mature oligodendrocytes, such as myelin basic protein (MBP) and adenomatous polyposis coli (APC) (not shown), was minimal throughout the protocol. Minimal expression of Tubb3 (b-tubulin III), expressed in immature and mature neurons was detected; expression of Synapsin1, a gene associated with neuronal synaptic vesicles, was not detected (data not shown).
Immunocytochemical Analysis of miPSC-Derived OPC Cultures
Together with gene expression analysis, immunocytochemistry was used to further characterize the population of cells present on d25 (Fig. 3) . To assess the reproducibility of our protocol, it was applied to three separate miPSC lines derived previously in our laboratory. Cells in the proliferative OPC population at d25 were typically of bi-or tripolar morphology (Fig.  3A) . The transcription factor Olig2 was seen to be located in the nucleus of the d25 OPCs (Fig. 3B, C) (88.0 ± 1.3% UMN-3F10, 82.0 ± 6.1% UMN-JBL6, 47.9 ± 2.1% UMN-JG2) and was widely coexpressed in cells possessing the antigen A2B5, a cell surface protein epitope characteristic of glial progenitor cells (75.7 ± 3.8% UMN-3F10, 73.0 ± 2.0% UMN-JBL6, 25.7 ± 2.0% UMN-JG2) (Fig. 3E) . We were also able to detect widespread expression of the cell surface antigens PDGFRa and NG2, which are more restricted to proliferating oligodendrocyte progenitor cells than the glial progenitor marker A2B5 (Fig. 3G, H) . PDGFRa was present on 72.7 ± 3.7% of UMN-3F10-derived cells, 71.3 ± 1.9% of UMN-JBL6derived cells, and 33.6 ± 1.8% of UMN-JG2-derived cells. Expression of the transcription factor Olig1 was found to be cytoplasmic in the d25 cell population (Fig. 3D) .
Common contaminating cell types identified in protocols reporting the differentiation of OPCs from ESCs and iPSCs are neuronal cells expressing b-tubulin III and astrocytes identified by the expression of glial fibrillary acidic protein (GFAP). We assessed if these cells were present in our d25 OPC cultures (Fig. 4) . Few b-tubulin III-expressing cells were seen in OPC cultures derived from our miPSC lines (5.0 ± 2.5% UMN-3F10, 6.0 ± 1.6% UMN-JBL6, 3.3 ± 0.7% UMN-JG2). GFAP-expressing cells were also found to be present in these cultures at low frequencies (9.3 ± 3.1% UMN-3F10, 6.3 ± 2.4% UMN-JBL6, 12.0 ± 1.5% UMN-JG2). Neither Nanog nor Oct4 protein expression was detected in the d25 OPC cultures (not shown), indicating absence of pluripotent cells in the culture. Quantification of the immunohistochemistry of cells generated at d25 of our protocol is shown in Figure 5 .
In Vitro Terminal Differentiation of OPCs Into Oligodendrocytes Expressing MBP
Following expansion in OPC expansion medium, OPCs derived from UMN-3F10 and UMN-JBL6 cell lines were subjected to culture conditions shown previously to induce differentiation of human iPSC-derived OPCs into oligodendrocytes in vitro (39) (Fig. 6) . Oligodendrocyte cells expressing myelin basic protein were detected in cultures differentiated from both cell lines after 7 and 21 days in terminal differentiation medium ( Fig. 6A-D) . After 3 weeks of culture in oligodendrocyte terminal differentiation medium the iPSC-derived OPCs displayed extensively arborized and ramified phenotypes typical of in vitro differentiated oligodendrocytes (Fig. 6E, F) .
Transplantation of miPSC-Derived OPC Cultures Into Adult Dysmyelinated Mice
We also examined the ability of the OPCs generated from our differentiation protocol to survive, migrate from the injection site, and mature into MBP-positive oligodendrocytes following transplantation into an adult animal model of congenital dysmyelination. We used OPCs generated from UMN-3F10 iPSCs because they express high levels of transmembrane eGFP and are easily visible in formalin-fixed cryosections of transplanted tissue without additional processing. The corpus callosum and striatum of the adult, homozygous shiverer mice were injected with 250,000 eGFP-expressing OPCs (Fig. 7) . eGFP-expressing cells were found to be present in the brain tissue close to the injection sites 14 days after transplantation (Fig. 7A) . In contrast, analysis of brains 28 days posttransplantation showed extensive migration of eGFP-expressing cells throughout the corpus callosum and striatum, and eGFP-expressing cell processes were detected in brain tissue over 1.3 mm distant from the position of cell injection (Fig. 7B ). Multiple phenotypes of eGFP-expressing cells were observed in the brain 28 days after transplantation. Many cells were seen with single projections extending through the brain tissue, and other eGFP-expressing cells that had numerous multiple, shorter projections were also observed. Coexpression of neurofilament and eGFP was not detected (Fig. 7B, C) . However, high-density areas consisting of multiple eGFP-expressing cells were observed near the neuronal tracts (Fig. 7C) . Expression of MBP protein was not detected in transplanted cells in the brain tissue 14 days postinjection. However, 28 days following injection of UMN-3F10-derived OPCs, areas of transplanted cells coexpressing MBP and eGFP were observed ( Fig. 8A-C) .
DISCUSSION
In this study, we sought to differentiate miPSCs into OPCs using a defined and reproducible directed differentiation protocol. These OPCs are capable of terminal differentiation to MBP-expressing oligodendrocytes. We focused on characterizing miPSCs as they differentiated into OPCs and then subsequently examined their terminal differentiation capacity. We focused on OPCs rather than fully mature oligodendrocytes so that our protocol is more relevant for models that propose transplanting OPCs and not terminally differentiated oligodendrocytes as the therapeutic cell type (12). iPSC technology now allows pluripotent stem cells to be generated from virtually any mouse strain and enables the possibility of using a wide variety of transgenic and nontransgenic mouse models to study OPC/oligodendrocyte biology and disease. The utility of OPCs derived from iPSCs for any of these purposes is aided by reproducible, efficient differentiation protocols and outcome measurements. We determined the identity of the cells derived from our differentiation protocol by analyzing a panel of established OPC markers using qRT-PCR, immunocytochemistry, and testing in vitro and in vivo terminal differentiation.
Quantitative qRT-PCR analysis characterized gene expression changes during the conversion of the pluripotent iPSCs through a patterned neural precursor stage to a population of proliferating cells with the characteristic phenotype of OPCs. Initially, expression of the key pluripotency gene Nanog decreased, while genes associated with neuroepithelium (Pax6, Nestin) and OPC identity (Olig2, PDGFRa, Nkx2.2) increased (Fig. 2) . Our immunocytochemistry data supported these findings, and after 25 days of differentiation from iPSCs, the populations from the directed differentiation of the UMN-3F10 and UMN-JBL6 lines were greater than 70% positive for Olig2 and A2B5 protein expression ( Figs. 3, 5 ). Coexpression of these antigens has been used to indicate OPC identity (27) and indicates that our protocol produces a highyield population of OPCs. Cell populations differentiated from the UMN-3F10 and UMN-JBL6 iPSC lines were also over 70% positive for PDGFRa expression, which has been previously used to enrich OPCs from mixed cell populations (33, 41) . The UMN-JG2 line resulted in a significantly lower yield of OPCs, with only 20% of the cell population derived from this line coexpressing A2B5 and Olig2 but over 30% of the cell population expressing PDGFRa at d25. These relatively modest results compared to cell populations differentiated from UMN-3F10 and UMN-JBL6 iPSCs may result from differences in differentiation capacity inherent in some iPSC lines. However, the results still confirm that our protocol reproducibly creates enriched populations of OPCs in multiple miPSC lines. The immunocytochemistry data from the d25 OPC populations also demonstrated that our differentiation method results in an OPC population containing very few contaminating neurons or GFAP-expressing astrocytes. This indicates that very low numbers of multipotential neural or glial progenitors persist in the final OPC population that may confound their use for modeling potential clinical applications.
Together, these data indicate that our protocol is more efficient than protocols previously reporting the derivation of an enriched population of OPCs from miPSCs. In 2010, Tokumoto et al. (39) reported differentiating OPCs from miPSCs; however, their protocol resulted in a cell population that contained only 14.1% OPCs identified solely using A2B5 expression. We utilized other markers in addition to A2B5 to identify OPCs, since the A2B5 gene is also expressed in bipotential progenitor cells able to differentiate into astrocytes or oligodendrocytes (31). Misumi et al. report a protocol that results in a cell population with <50% PDGFRa-expressing OPCs from differentiated miPSCs requiring up to 38 days of culture compared to the 25 days required for our protocol (23).
Testing the terminal differentiation capacity of stem cell-derived OPCs is important to demonstrate their ability to generate mature oligodendrocytes, and we tested our cells using two separate terminal differentiation protocols. In vitro terminal differentiation was used to demonstrate that the cells change from the typical bi-and tripolar shape of proliferating OPCs and adopt a highly arborized phenotype. Cells with a highly branched morphology typical of adherent in vitro grown oligodendrocytes were observed in cultures of OPCs differentiated from UMN-3F10 and UMN-JBL6 miPSCs with some cells expressing MBP.
Terminal differentiation testing by in vivo transplantation is another way to demonstrate the capacity of OPC cell populations to generate MBP-expressing oligodendrocytes. To examine the ability of our iPSC-derived OPCs to mimic the behavior of endogenous OPCs in an in vivo system, we injected cells differentiated from eGFP-positive UMN-3F10 iPSCs into the shiverer mouse brain. The shiverer mouse is a model of congenital dysmyelination caused by a deletion in the MBP gene (6), and the homozygous genotype lacks myelin basic protein. After injection of UMN-3F10 iPSC-derived OPCs, we found that many transplanted cells survived and migrated away from the site of injection. There was no evidence of neuronal differentiation of our OPCs and eGFP-expressing oligodendrocytes derived from the transplanted cells coexpressing MBP were observed in brain sections collected 28 days after transplantation. The observation of OPC migration from the injection site is significant, since it demonstrates OPCs generated by our protocol have migratory ability, similar to endogenous OPCs (21, 40) . It has been suggested that successful oligodendrocyte cell transplantation treatments, such as that proposed for multiple sclerosis, will depend on the ability of the transplanted OPCs to migrate to the sites where remyelination is required (9). MBP is expressed solely by myelinating cells, and the MBP expression by progeny of our transplanted OPCs provides support for our protocol producing a cell population capable of in vivo terminal differentiation into functional oligodendrocytes. However, the majority of the injected cell progeny were not MBP-positive 4 weeks after injection, and therefore, an area of future study is to examine how long the transplanted OPCs retain their ability to differentiate into MBP-positive oligodendrocytes after injection into the central nervous system.
In conclusion, the data presented here demonstrate that our defined, reproducible, and efficient directed differentiation protocol consistently generates an enriched population of OPCs from miPSCs and will be valuable to groups requiring oligodendrocyte-restricted progenitor cells to study myelination diseases in mice and develop therapeutic applications of OPCs in injury and murine models of myelination disease. We are currently working to translate this protocol using human iPSCs to generate oligodendrocytes for clinical remyelination treatments (8).
